Abstract. The polymerization of deoxynucleoside triphosphates, catalyzed by terminal deoxynucleotidyl transferase from calf thymus gland, is strongly inhibited by various metal chelators. The reaction appears to be first order with respect to enzyme, deoxynucleoside triphosphate, and initiator, indicating that there is only one catalytic center for each enzyme molecule. The presence of metal chelator does not affect the molecular state of the enzyme or the order of reaction. An analysis of the kinetics of o-phenanthroline inhibition demonstrates that the ligand is noncompetitive with nucleoside triphosphate substrate and strictly competitive with oligodeoxynucleotide initiator. These results, obtained in the presence of millimolar Mg++, suggest that the initiator binds to the enzyme through a transition metal atom and ligand inhibition occurs at that site. The precise spatial arrangement of the coordination orbitals around a metal atom provides a model to visualize the specificity of the enzyme for the 3'-OH end of the growing polynucleotide chain.
Introduction. The mechanism of polymerization of deoxynucleoside triphosphates on templates and initiators is poorly understood, due partly to the inherent complexity of the process and partly to the lack of model systems that allow parts of the complex system to be studied separately. Terminal deoxynucleotidyl transferase catalyzes polymerization of deoxynucleoside triphosphates onto oligodeoxynucleotide initiators and has now been obtained in homogeneous form.1 This enzyme provides a unique model system for studies on the mechanism of polymerization of deoxynucleoside triphosphates.
Certain enzymatic properties of terminal transferase have been published elsewhere. [2] [3] [4] This discussion is concerned with the fact that low concentrations of metal chelators are potent inhibitors of the enzyme, even in the presence of the large excess of Mg++ used to activate deoxynucleoside triphosphate substrates. This observation is sufficient to classify terminal transferase as a potential metallo-enzyme and to indicate possibilities for the involvement of ligand reactions in the interaction of the growing polynucleotide chains with the enzyme surface.
Materials and Methods. Deoxynucleoside triphosphates were synthesized by the phosphomorpholidate procedure described by Moffatt.5 They were then purified by chromatography at pH 4.7 on Dowex 1-Cl with a NaCl gradient and rechromatography on Sephadex A-25-HCO3 with an ammonium bicarbonate gradient at 1)H 7.9. Radioactive deoxynucleoside triphosphates were purchased from Schwarz BioResearch and diluted to the desired specific activity with nonradioactive deoxynucleoside triphosphate. Oligodeoxythymidylates were prepared by chemical polymerization of dTMP.6 Oligodeoxyadenylates and 3H-d(pT)5 were prepared by DNase I degradation of poly-dA and 3H-poly-dT.7 The concentration of oligodeoxynucleotide was estimated using the extinction coefficients reported by Cassani and Bollum.8 All metal ligands and other reagents were commercial reagent grade.
Terminal transferase from calf thymus glands was purified to homogeneity by slight modifications' of procedures previously described.2 Enzyme assays were carried out at 350 by incubating 40-60 Mg/ml of enzyme protein in 0.2 M K+ cacodylate (pH 7.2), 4 mM MgCl2, 1 mM mercaptoethanol, 0.01 mM initiator, and 1 mM 14C-dATP having a specific activity of 2 to 4 X 105 cpm per mole. Progress of the reaction is followed by measuring the amount of product as a function of time. The amount of product was determined by scintillation counting in toluene containing 0.4% 2,5-bis[2-(5-tert-butylbenzoxazolyl)]thiophene (BBOT), after work-up on filter paper disks.9 Reaction rate is expressed in mjlmoles deoxynucleotide incorporated per minute. Average rates, calculated from the time when a fixed amount of substrate is converted to product, are used when short oligodeoxynucleotides (m <5) are initiators since there is some risk of error in scoring short oligodeoxynucleotide products. Initial rates are used when longer oligodeoxynucleotides (m >9) are initiators since the reaction kinetics are then completely linear. Reaction kinetics were analyzed on Lineweaver-Burk plots'0 and Hill plots as described by Atkinson et 11] or dATP are plotted on double logarithmic plots," the slopes of the lines obtained are equal to 1 (Fig. 1) . Taken together these results suggest that there is only one catalytic center on each enzyme molecule. This is not to be construed as indicative of any special mechanism for chain growth since previous work3 indicated that each enzyme molecule is capable of elongating more than one polydeoxynucleotide chain. The order of reaction does not change in the presence of inhibitory metal ligands. tetramine, a: a'-bipyridyl, and cysteine, are inhibitors of terminal transferase activity at millimolar to micromolar concentration. The relative effectiveness of these ligands is shown on the double logarithmic plots (Fig. 2) . The slopes of the lines are around 1 or 2. We do not wish to emphasize the quantitative significance of the inhibitor constants obtained from this graph because trace amounts of metal contamination in the reagents used could affect these values. Of other metal chelators tested, histidine and mercaptoacetic are about as effective as cysteine; while oxalate, azide, cyanide, imidazole, acetylacetone, ethylenediamine, tetramethylethylenediamine, 2,2'-imino-diethanol, and ,3-mercaptoethylamine do not inhibit terminal transferase at concentrations below 1 mM. Metal ligands are also inhibitory in phosphate buffer. '4 Reversibility of the ligand inhibition: The inhibition by metal chelators depends on the concentration of metal chelator in the reaction mixture (Fig. 2) . Dilution of inhibitor concentration below the inhibitory level results in complete recovery of enzyme activity. For all metal chelators tested, inhibition is also completely reversed when equimolar concentrations of ZnSO4 are added to the --08 Vo is the average rate of an uninhibited reaction and V is -1.6 / the average rate of an inhibited reaction.
reaction mixture. Co++, Ni++, Fe++, Mn++, Cu++, and Ca++ cannot be used for reversal because slight excesses of these ions are themselves inhibitory. Zn++ addition reverses the ligand inhibition and an excess gives some stimulation. The use of Zn++ to reverse ligand inhibition permits analysis of enzyme activity in sucrose gradients containing inhibitor.
Effect of EDTA and o-phenanthroline on sedimentation of enzyme activity:
During sucrose gradient centrifugation of terminal transferase the presence of EDTA or o-phenanthroline does not produce any alteration in the rate of sedimentation of enzyme activity. Thus the effect of metal ligand does not seem to be on the dissociation or aggregation of enzyme protein. A variety of experiments of this kind have been performed. Results are not detailed here except that obtained with enzyme plus initiator, illustrated as part of Figure 5 . In the presence of other reaction components in all cases the sedimentation behavior is also unchanged. If all reaction components are present during sedimentation, polymer is formed, and the enzyme sediments more rapidly because it is bound to the polymer,
The effect of o-phenanthroline is noncompetitive with dATP: Figure 3 shows reciprocal activity plotted versus reciprocal dATP concentration in the absence and the presence of 5 X 1O-AM o-phenanthroline. The inhibition plot shows o-phenanthroline to be noncompetitive with dATP, and so the chelator does not compete directly with dATP for a binding site on the enzyme surface. Figure 4 . The double reciprocal lines from inhibited and noninhibited reactions meet at a common intercept corresponding to Vm = 0.357 jtmole C14-dAMP incorporated min1 mg-' and giving Km as 3.23 ,jIM. K, is 22.6 4VM from Figure 4 , which is comparable to the value obtained from the double log plot (Fig. 2) Previous studies on terminal transferase' indicated that the enzyme requires an oligodeoxynucleotide initiator containing three or more phosphate groups and a free 3'-hydroxyl for initiation. With increased initiator chain length, Km for initiator decreases while Vm increases to a maximum followed by a gradual decrease. One can postulate that at short chain lengths the metal site is the primary one, but as the chain elongates the auxiliary binding sites on the enzyme begin to exert their effects. Hence an increase in chain length results in increased affinity of enzyme for initiator and an increase in rate of reaction, probably by a local concentration effect. As the chains grow longer, an increase in interaction results in some decrease in freedom of the chain movement on the enzyme surface and a decrease in reaction rate. If the auxiliary binding sites on the enzyme are the predominating ones with long chains and the metal site predominant with short chains, then one would expect a decreased degree of inhibition by metal chelator with increased initiator chain length. Table 1 shows the confirmation of this prediction. With increase in chain length over the range tri-to decanucleotide, a decrease in degree of inhibition by o-pheilanthroline is indeed observed. Discussion. The polymerization of deoxynucleotides catalyzed by terminaldeoxynucleotidyl transferase is known to require the presence of divalent cation. This is not unexpected since nucleoside triphosphate reactions are often found to proceed as metal complexes. We now believe that protein-bound metal is essential for activity of the terminal transferase in facilitating movement of the growing chain, and some experiments suggesting this have been presented. The experiments presented demonstrate inhibition of deoxynucleoside triphosphate polymerization at chelator concentrations one or two orders of magnitude lower than the primary deoxynucleoside triphosphate metal activator (Mg++) concentration. This effect can be seen with metal ligands differing greatly in chemical structure, such as EDTA, o-phenanthroline, histidine, triethylenetetramine, and cysteine. There are probably at least two kinds of sites involved in binding initiator molecules to terminal transferase. The experiments presented suggest that one kind involves enzyme-bound metal, and we postulate that the binding of the 3'-hydroxyl of a growing polydeoxynucleotide is through coordination bonds with the metal on the enzyme. The spatial arrangement of coordination orbitals of the metal atom must be such that it is specific fol the 3'-hydroxyl and the third phosphate away from the 3'-hydroxyl end. This interaction through coordination bonds does not appear to be particularly strong, as judged from the oligodeoxynucleotide initiator binding studies. Any stress on these bonds would result in a rearrangement of the over-all interaction between the growing chain and the enzyme. The rearrangement may be accomplished in a variety of ways, the simplest being indicated schematically in Figure 6 . In this scheme the P°-I P1 It would be of considerable interest to study the interaction of transition metals with oligonucleotides having different structural features, particularly at the 3'-OH, since this group is an essential part of the interaction as we visualize it. We know of no such studies in particular, but the involvement of ethanolic oxygen in ligand interactions has been described,'6 and the borate complexes of cis-glycols are well known.
Aside from providing a plausible mechanism for the terminal transferase it is obvious that unidirectional movement of polynucleotide chains is an essential part of the mechanism of a number of enzymes such as DNA polymerase, RNA polymerase, and a number of exonucleases. Since most of the reactants in these systems are metal ligands, the effect of metals, other than the one necessary for substrate activation, is sometimes difficult to analyze by conventional means. The results of Lieberman and co-workers on the effect of Zn++ deficiency on the formation of DNA polymerase on cells in tissue culture'7 18 and regenerating liver' are particularly intriguing in regard to the present findings. The possibility that terminal transferase is an active subunit of calf thymus DNA polymerase also remains open. The rather clear-cut metal ligand effect on terminal transferase may provide some stimulus for a reinvestigation of metal involvement in polynucleotide-enzyme interactions.
* Research supported by Public Health Service research grant CA 08487 from the National Cancer Institute. ' Chang, L. M. S., and F. J. Bollum, unpublished observations. Modifications of the published purification scheme' are: acidification of the (NH4)2SO4 fraction to pH 4.5 and removal of inactive protein, salting out with (NH4)2SO4 and gel filtration on G-100 at pH 4.5, followed by chromatography on hydroxylapatite (Biogel HTP) at pH 7.5. The enzyme so obtained is homogeneous by equilibrium ultracentrifugation and gel electrophoresis. Specific activity of these preparations are as high as 100 puM per hr per mg protein for dATP and 200 ;M per hr for dCTP.
